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doi:10.1Objective: Extensive thoracic aortic aneurysms represent a challenging pathology in cardiac surgery. The frozen
elephant trunk procedure, combining conventional surgery with endovascular techniques, allows single-stage
treatment for such pathology. Here we present our surgical technique and results with the single-stage frozen
elephant trunk procedure.
Methods: Between January 2007 and December 2009, 67 patients were treated with the frozen elephant trunk
procedure in our institution. Mean age was 61  11 years. Indications for surgery included chronic aneurysm
(n ¼ 22, 32.8%), acute type A dissection (n ¼ 4, 6.0%), acute type B dissection (n ¼ 2, 3.0%), chronic type
A dissection (n ¼ 30, 44.8%), and chronic type B dissection (n ¼ 9, 13.4%). Thirty-six patients (53.7%) had
undergone 38 previous cardiac or aortic operations. Thirty-two associated aortic and cardiac operations were
performed. Brain protection was achieved by means of antegrade selective cerebral perfusion and moderate
hypothermia (26C) in all cases.
Results: In-hospital mortality was 13.4%. Postoperatively, permanent neurologic dysfunction (coma) occurred
in 5 cases (7.5%), paraplegia in 2 (3.2%), and paraparesis in 3 (4.9%). Follow-up was 100% complete, with
mean duration of 11.1  8.4 months. The 1- and 2-year survivals were 76.7  5.6% and 70.3  8.0%, respec-
tively. Ten patients (14.9%) required endovascular completion 2.3  3.1 months after the first procedure, with
100% technical and procedural success.
Conclusions: In contrast to the conventional elephant trunk technique, the frozen elephant trunk technique offers
a potentially curative single-stage procedure for patients with extensive thoracic aortic disease, with encouraging
short-term and midterm results. (J Thorac Cardiovasc Surg 2010;140:S81-5)Aneurysms of the thoracic aorta extending beyond the origin
of the left subclavian artery continue to represent a challenge
in cardiac surgery. In this setting, reliable methods of brain
and organ protection and valid techniques for appropriately
selected surgical or endovascular cases are crucial and play
a central role in obtaining a favorable outcome. Since the in-
troduction of the elephant trunk procedure in 1983 by Borst
and associates,1 different techniques have been developed,
allowing single-stage or multistage procedures and with
purely surgical, endovascular, or hybrid techniques. The
frozen elephant trunk (FET) procedure, which combines
conventional surgery with endovascular techniques, is a cur-
rently available option that allows single-stage treatment of
extensive pathology of the thoracic aorta. The aim of this
study was to review our experience with the FET procedure,
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The Journal of Thoracic and CarMATERIALS AND METHODS
Patient Profile
Between January 2007 and December 2009, a total of 67 patients with
extensive pathology of the thoracic aorta were treated with the FET proce-
dure in our institution. The mean age was 61  11 years (range 35–79
years). Fifty-five patients (82.1%) were male. Thirty-six patients (53.7%)
had undergone 37 previous cardiac or aortic operations. Preoperative
comorbidities included chronic obstructive pulmonary disease (n ¼ 4,
5.9%), renal insufficiency (n¼ 6, 8.9%), previous cerebrovascular accident
(n ¼ 2, 3.0%), peripheral vasculopathy (n ¼ 5, 7.4%), coronary disease
(n ¼ 8, 11.9%), aortic valve insufficiency III or IV (n ¼ 12, 17.9%), ejec-
tion fraction less than 40% (n ¼ 1, 1.4%), hypertension (n ¼ 58, 86.5%),
diabetes (n ¼ 9, 13.4%), and Marfan syndrome (n ¼ 1, 1.5%). Before the
operation, aortic anatomy was assessed by means of computed tomography
(CT) (n¼ 66, 98.5%), magnetic resonance imaging (MRI, n¼ 12, 17.9%),
angiography (n ¼ 42, 62.7%), transthoracic echocardiography (n ¼ 56,
83.6%), or transesophageal echocardiography (n ¼ 3, 4.5%). A coronary
angiogram was obtained in 40 cases (59.7%).
Indications for surgery included chronic degenerative aneurysm (n¼ 22,
32.8%), acute type A dissection (n¼ 4, 6.0%), chronic residual type A dis-
section (n¼ 30, 44.8%), acute type B dissection (n¼ 2, 3.0%), and chronic
type B dissection (n¼ 9, 13.4%). Among the patients with degenerative an-
eurysms, the aortic arch and descending aorta were involved in 15 cases
(68.2%), the descending aorta in 3 (13.6%), and the entire thoracic aorta
in 3 (18.2%). At imaging evaluation, the aneurysms were seen as fusiform
in 14 cases (63.6%), generalized in 4 (18.2%), and saccular in 4 (18.2%).
The mean diameter of degenerative aneurysm was 66.6  12.7 mm (range,
41–103 mm). Four patients were seen for aortic pain.
Among the patients with aortic dissection, 1 (2.2%) had cardiac tampo-
nade, hemodynamic compromise, and cerebral and right renal malperfusiondiovascular Surgery c Volume 140, Number 6S S81
Abbreviations and Acronyms
CT ¼ computed tomography
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MRI ¼ magnetic resonance imaging
Aortic Symposium 2010 Di Bartolomeo et alas a result of true lumen collapse (acute type A); 2 (4.4%) had mesenteric
malperfusion as a result of true lumen collapse (acute type B); 2 (4.4%)
had left renal exclusion (chronic type A); and 2 (4.4%) had left iliac malper-
fusion (chronic type A). The entry tear site was located at the ascending
aorta in 23 cases (51.1%), in the arch in 17 (37.8%), at the descending aorta
in 2 (4.4%), and at an unknown location in 3 (6.7%). The extent of the in-
timomedial flap was as follows: arch and descending aorta in 2 cases
(4.4%), arch, descending and abdominal aorta in 2 (4.4%), entire thoracic
aorta in 10 (22.3%), and entire thoracoabdominal aorta in 31 (68.9%).
Surgical Technique
All procedures were performed through a mid sternotomy with cardio-
pulmonary bypass. Antegrade selective cerebral perfusion with moderate
hypothermia was the method of brain protection.
Our technique was recently described.2 Briefly, after systemic heparin-
ization, a guidewire was inserted through the femoral artery into the de-
scending thoracic aorta under transesophageal echocardiographic
monitoring. In cases of aortic dissection, the guidewire was positioned in
the true lumen of the aorta. For cardiopulmonary bypass institution, arterial
inflow was obtained by cannulation of the right axillary artery (n ¼ 53,
79.1%), ascending aorta (n¼ 8, 11.9%), femoral artery (n¼ 1, 1.5%), ex-
isting aortic prosthesis (n ¼ 2, 3.0%), or innominate artery (n ¼ 3, 4.5%).
Right atrial or bicaval cannulation was used to ensure venous drainage as
indicated. A left ventricular vent was inserted through the right superior pul-
monary vein. Core cooling to 26C nasopharyngeal temperature was then
accomplished, and circulatory arrest was instituted. Myocardial protection
was achieved with infusion of cardioplegia (Custodiol; Koehler Chemie,
Alsbach-Haenlein, Germany). The aortic arch was opened, and antegrade
selective cerebral perfusion, at a flow rate of 15 mL/(kg$min) was initiated
by means of endoluminal cannulation of the arch vessels as indicated. In the
case of complete arch replacement, the arch was completely resected and the
proximal descending aorta was prepared with external polytetrafluoroethy-
lene felt fixed with some (usually 4) internal pledgeted U-stitches. In this
way, in patients with acute and chronic dissection, the false lumen was sur-
gically obliterated at the level of the distal stump. The stent–graft system
was then introduced in an antegrade fashion into the descending aorta
over the previously positioned stiff guidewire and then released. The incor-
porated Dacron polyester fabric graft was pulled back and sutured to the pre-
viously prepared descending aorta. A 10-minute interval of lower body
reperfusion was then achieved through the graft while hemostasis at the dis-
tal anastomosis and preparation of the island containing the arch vessels
were performed to prepare for the next anastomosis. In 2 cases, the aortic
arch was opened as much as necessary to deploy the stent–graft without re-
section and replacement. In the case of total arch replacement, the arch ves-
sels were reimplanted with the island (n ¼ 39, 60.0%) or the separated
(n ¼ 26, 40.0%) graft technique. Proximally, the Dacron polyester fabric
graft was anastomosed to the ascending aorta at the desired level or to the
previous aortic prosthesis. Surgical techniques, associated procedures, and
cardiopulmonary bypass data are depicted in Tables 1 and 2.
Statistical Analysis
Continuous variables are expressed as mean  SD and were analyzed
with the unpaired 2-tailed t test. Categoric variables are presented as
percentages and were analyzed with the c2 test or Fisher’s Exact test as
appropriate.S82 The Journal of Thoracic and Cardiovascular SurgThe analyses for permanent neurologic dysfunction, temporary neuro-
logic dysfunction, and spinal cord injury were conducted separately. Perma-
nent neurologic dysfunction (stroke or coma) and spinal cord injury were
examined in all operative survivors who could undergo an appropriate
neurologic evaluation, and temporary neurologic dysfunction (postopera-
tive confusion, agitation, delirium, prolonged obtundation, or transient
parkinsonism with negative brain CT scanning results and complete resolu-
tion) were examined in all operative survivors without permanent neuro-
logic dysfunction.3
All patients were scheduled for imaging assessment (CT or MRI) at 1, 3,
and 6 months from the last procedure and than annually thereafter. Patients
were followed up in the outpatient clinic, by CT or MRI review, and by
telephone calls. Follow-up was 100% complete, with a mean interval of
11.1 8.4 months. Survival curves (taking into account in-hospital deaths)
were estimated at 1 and 2 years with the Kaplan–Meier method and com-
pared with the log-rank test.RESULTS
In-Hospital Outcome
There was 1 intraoperative death, that of a patient with an
acute dissection involving the distal aortic arch and descend-
ing thoracic aorta with compression of the true lumen at the
mid descending aorta, resulting in mesenteric malperfusion.
Moreover, the patient, who already had undergone a previ-
ous Bentall procedure, had a proximal false aneurysm as a re-
sult of the complete dehiscence of the coronary buttons. For
this reason, the complete arch replacement with the FET
technique was accompanied by replacement of the old com-
posite graft, and the coronary ostia were reimplanted with
the Cabrol technique. Although the FET procedure resulted
in decompression and subsequent reperfusion of the distal
aorta, as indicated by the disappearance of pressure and
temperature gradients between the upper and the lower
body, the entire procedure was characterized by severe and
unmanageable metabolic acidosis, which made it impossible
to wean this patient from cardiopulmonary bypass.
Overall in-hospital mortality was 13.4%. Causes of death
were cardiac in 3 cases, neurologic in 2, multiorgan failure in
3, and aortic rupture in 1. In-hospital mortalities were 13.6%
(3 of 22) among patients undergoing surgery for degenera-
tive aneurysms, 33.3% (2 of 6) among those with acute dis-
section, and 10.3% (4 of 39) among patients with chronic
dissection (P ¼ .304).
Postoperatively, coma occurred in 5 of 66 operative survi-
vors (7.5%), temporary neurologic dysfunction in 15
(24.5%), paraplegia in 2 (3.2%), and paraparesis in 3
(4.9%). Other postoperative complications included respira-
tory insufficiency requiring ventilatory support longer than
72 hours (n¼ 10, 14.9%), renal insufficiency requiring tem-
porary (n¼ 8, 11.9%) or permanent (n¼ 6, 9.0%) dialysis,
hepatic failure (n ¼ 3, 4.5%), sepsis (n ¼ 8, 11.9%), and
bleeding requiring rethoracotomy (n ¼ 7, 10.4%).Follow-up
There were 6 late deaths after a mean follow-up of 11.1
8.4 months. Causes of late death were respiratoryery c December 2010
TABLE 1. Surgical technique and associated procedures
No. %
Main surgical procedures
Total arch plus frozen elephant trunk 65 97%
Frozen elephant trunk alone 2 2.9%
Associated procedures
Ascending aorta replacement 29 43.2%
Aortic valve replacement 12 17.9%
Bentall procedure 11 16.4%
Coronary artery bypass grafting 8 11.9%
Aortic valve repair 1 1.5%
FIGURE 1. Two-year survival of study population.
Di Bartolomeo et al Aortic Symposium 2010insufficiency (n ¼ 1), pancreatitis (n ¼ 1), aortic rupture
(n¼ 3), and aortotracheal fistula (n¼ 1). Overall 2-year sur-
vival (including in-hospital deaths) was 70.4%  8.0%
(Figure 1). No significant differences in terms of survival
were found between patients operated for degenerative an-
eurysms and those operated on for acute or chronic aortic
dissection (log-rank P ¼ .422). Ten patients (14.9%) re-
quired endovascular completion at 2.3  3.1 months after
the first procedure, with a technical and procedural success
rate of 100%.
All patients were scheduled for imaging assessment (CT
or MRI) at 1, 3, and 6 months from the last procedure and
then annually. Thus we could obtain imaging data from 54
of the 58 surviving patients (93.1%). with the last aortic as-
sessment performed 9.6  8.7 months after the last surgical
or endovascular procedure. Complete thrombosis of the
false lumen was observed in all patients operated on for
acute dissection (100%). In the group of patients operated
on for chronic dissection, complete thrombosis of the false
lumen was reported in 19 (61.3%); partial thrombosis in
11 (35.5%), and a patent false lumen in 1 (3.2%). In the
remaining patients with degenerative aneurysms, sac shrink-
age was documented in 7 cases (36.8%), whereas the aortic
diameter was unmodified in 9 cases (47.3%) and increased
in 3 (15.8%), with 1 patient having a persistent type 2 distal
endoleak. This patient died of aortic rupture 1 month after
the FET procedure and 1 day before scheduled admission
to the hospital for endovascular completion.
DISCUSSION
Complex aortic pathologies involving the ascending
aorta, the aortic arch, and the descending aorta remain a chal-
lenging issue in aortic surgery. As described by Borst and
colleagues1 in 1983, the 2-stage elephant trunk procedureTABLE 2. Operative data
Variable Mean ± SD Range
Cardiopulmonary bypass time (min) 231.2  66.5 121–514
Myocardial ischemic time (min) 153.3  50.5 40–296
Antegrade selective cerebral
perfusion time (min)
90.2  21.7 32–152
The Journal of Thoracic and Carremains the most common approach for extensive thoracic
aortic aneurysms, with its main advantages appreciated
mostly during the second stage of repair. These include safer
aortic clamping and shorter clamp time for the graft–graft
anastomosis.
The staged elephant trunk approach carries an increased
cumulative risk, however, because it requires 2 major surgi-
cal procedures. In recent series with more than 100 patients,
LeMaire and collleagues,4 Svennson and associates,5
Schepens and coworkers,6 and Safi and associates7 reported
that the elephant trunk procedures were associated with mor-
talities ranging from 2.1% to 12.2% for the first stage and
3.9% to 9.6% for the second stage. Furthermore, failure
to complete the second stage ranged from 32% to 50%,
with interval mortalities ranging from 11% to 25%. In our
experience (unpublished data), 60% of patients who under-
went the first stage of the elephant trunk procedure did not
return for the second. Of these patients, 40% died of aortic
rupture.
The FET procedure, a hybrid alternative procedure that
combines conventional surgery with endovascular tech-
niques, allows single-stage treatment for patients with exten-
sive disease of the thoracic aorta. In our institution,
indications for the FET procedure have been extensive, in-
cluding atherosclerotic aneurysms of the entire thoracic
aorta, acute and chronic dissecting pathology of the aortic
wall (types A and B), and also aneurysms involving the dis-
tal arch and proximal descending thoracic aorta. During this
complex surgery, key requirements for obtaining a favorable
outcome include an accurate preoperative assessment of the
aortic anatomy and intraoperative use of reliable methods of
organ protection associated with effective surgical technique
and strategies.diovascular Surgery c Volume 140, Number 6S S83
FIGURE 2. Case of chronic type B aortic dissection (A). One week after surgery, computed tomographic scan showed complete thrombosis of peristent false
lumen and partial thrombosis of distal false lumen (B). At 3 months (C) and at 2 years (D), computed tomographic scan showed healing of aorta with complete
thrombosis and shrinkage of thoracoabdominal false lumen.
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ous concern in patients with chronic dissection, great care
has to be taken when evaluating the extent of the intimome-
dial flap, the locations of entry and reentry sites, the relation-
ship between the true and false lumina, and the origin of the
visceral vessels. In fact, similar to endovascular treatment of
type B chronic dissection, the FET is deployed into the true
lumen, aiming to obtain exclusion and thrombosis of the
false lumen. Thus in the case of visceral vessels arising
from the false lumen, distal reentry tears have to be present
and identified on CT scan to reduce the risk of their obstruc-
tion, which could lead to visceral or spinal malperfusion
after repair. Sizing is crucial in dissection cases, and stent–
graft oversizing is inadvisable because it can result in
adjunctive intimal tears distal to the endograft. In chronic
aneurysms, the aortic diameters and quality of the aortic
wall have to be carefully assessed to ensure selection of
the correct size of the stent–graft, which should be oversized
by 10% to 20%.
As demonstrated by the prolonged duration of myocardial
ischemia and cerebral perfusion in our series, optimal myo-
cardial and neurologic (brain and spinal cord) protection
methods must be used. In all cases, myocardial protection
was achieved with a modified Bretschneider solution (Cus-
todiol), a single 20- to 25-mL/kg dose of which guarantees
3 hours of myocardial protection. Antegrade selective cere-
bral perfusion is our method of choice for brain protection
because, as we have previously demonstrated, duration of
brain perfusion as long as 90 minutes does not correlate
with an increased risk of in-hospital mortality or adverse
neurologic outcome.8 This finding makes antegrade selec-
tive cerebral perfusion particularly important during com-
plex and time-consuming aortic arch reconstructions, such
as the FET procedure.S84 The Journal of Thoracic and Cardiovascular SurgSpinal cord injury is among the most dreadful complica-
tions after aortic surgery. In patients undergoing the FET
procedure, it may be a consequence of spinal cord ischemia
during circulatory arrest, intercostal arterial occlusion by the
stent–graft, embolism, perioperative hypotension, malperfu-
sion, or any combination of these factors. Our strategy for
spinal cord protection involves hypothermia, perfusion of
the subclavian arteries during antegrade selective cerebral
perfusion, and prompt reperfusion of the thoracoabdominal
aorta as soon as the distal anastomosis has been completed.
In our series, we observed 5 cases of spinal cord injury, with
3 showing complete resolution before discharge. Taking into
account the extent of the aortic repair in a single-stage
procedure, our permanent spinal cord injury rate of 3.2%,
which is consistent with rates reported by others ranging
from 0% to 16%,9,10 is encouraging but indicates that
spinal cord protection still remains an important concern
during this procedure.
In light of the high-risk characteristics of our series, with
an elevated number of reoperative procedures in patients
with chronic residual dissections, we consider our in-
hospital mortality of 13.4% to be satisfactory. Furthermore,
2 deaths were those of patients with acute dissection compli-
cated by preoperative mesenteric and brain malperfusion
that eventually proved fatal.
At midterm follow-up, CT scanning showed 100% com-
plete thrombosis of the peristent false lumen in patients with
acute dissection and 96.6% complete or advanced thrombo-
sis in those with chronic dissection (Figure 2). No modifica-
tion or aneurysm size reduction greater than 5 mm was
observed in 85% of patients with chronic aneurysms. Endo-
vascular extension of the FET was undertaken in 14.5%,
with 100% technical success, showing as expected that
the FET may act as a landing zone for further endograftsery c December 2010
Di Bartolomeo et al Aortic Symposium 2010facilitating—relative to the conventional elephant trunk—
stent deployment and minimizing the risks of both proximal
endoleak and stent–graft migration.
In conclusion, the FET procedure represents a feasible
and efficient option for the treatment of complex aortic pa-
thologies. Longer-term follow up is warranted to validate
the effectiveness of this technique.References
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